Common bed bug Cimex lectularius (L.) (Hemiptera: Cimicidae) infestations are on the rise and due to the development of pesticide resistance they are becoming more difficult to control, affordably. We evaluated a naturally occurring compound methyl benzoate (MB) and related analogs, previously reported to have insecticidal activity on several agricultural pests, for its fumigant action on the common bed bug, C. lectularius L. A discriminating concentration was used to determine the effectiveness of MB, and several of its analogs as fumigants in a laboratory assay. It was found that MB provided >90% control of adult bed bugs in this laboratory fumigant assay. LC 50 values were calculated for MB against both a pyrethroid-susceptible and a pyrethroidresistant strain of common bed bugs. It was determined that both strains were susceptible in this laboratory assay. However, when MB was tested in a field-like assay and compared to a commercially available bed bug control product, it was found to be significantly less effective compared to the commercial product. Our study has found that while MB has the potential to be used as a bed bug control agent, refinements in the delivery system will be needed to increase efficacy under field-like conditions.
The common bed bug is an insect pest of humans whose incidence is on the rise worldwide (Doggett et al. 2012 Potter et al. 2015) . While bed bugs are not known to transmit human disease, infestations are a public health concern. Bites from these hematophagous insects can illicit mild to severe cutaneous and systemic allergic responses (Goddard and deShazo 2009 , deShazo et al. 2012 , Doggett et al. 2012 . In addition to the physical maladies associated with bites, infestations can have detrimental effects on an individual's mental health. Anxiety and depression can develop from loss of sleep due to the allergic reactions to bites, and the costs along with the social stigma associated with bed bug remediation can result in additional undue stress (Goddard and deShazo 2009 , Doggett et al. 2012 , Susser et al. 2012 , Romero et al. 2017 .
Utilizing an integrated pest management (IPM) approach is considered to be the best option for controlling bed bug infestations (Bennett et al. 2016) . IPM utilizes a combination of chemical (i.e., building fumigation and insecticidal sprays) and non-chemical (i.e., heat/freeze treatments and physical removal or exclusion) treatments to provide successful bed bug management (Wang et al. 2009 , Doggett et al. 2012 , Bennett et al. 2016 , Kells 2018 . However, controlling bed bug infestations can be costly, with treatments nearing $500 (USD) for a single apartment (Wang et al. 2009 ). To avoid the high costs of bed bug treatments, most communities contract pest control services, based on the lowest bid, to address their bed bug concerns. However, this may only suppress the issue for a short time (Singh et al. 2013) . As chemical treatments (pesticides) are the most common control method utilized by individuals and professionals (Singh et al. 2013 , Potter et al. 2015 , Doggett and Feldlaufer 2018 , and pesticide resistance in bed bug populations has been documented (Romero et al. 2007 , Potter 2011 , Dang et al. 2017 , the continued search for new and novel chemical controls is needed to ensure successful, long-lasting, and affordable pest control.
A potential avenue for discovery of novel control compounds lies within naturally occurring botanical compounds. Several essential oils have been shown to have moderate toxicity against bed bugs and formulations of these are increasing in popularity and use (Akhtar and Isman 2013 , Feldlaufer and Ulrich 2015 , Singh et al. 2016 , particularly if the active ingredient has been deemed 'low-risk' and is typically not subject to registration by the U.S. Environmental Protection Agency (EPA). By not requiring registration, the cost of product development can ultimately be reduced, which is a significant hurdle to overcome. Recently, the floral volatile organic compound, methyl benzoate (MB), found within many plants including snapdragons and petunias (Negre et al. 2003) , was shown to have insecticidal activity against spotted wing drosophila, tobacco hornworm, brown marmorated stinkbug, the diamondback moth, red imported fire ants, and several stored product pests , Feng et al. 2018 , Chen et al. 2019 , Morrison et al. 2019 .
In this study, we examined the toxicity of MB and several of its analogs against the common bed bug. Laboratory and field-like fumigation studies were performed to determine the effectiveness these compounds for bed bug control and to compare MB to the commercially available product, Cirkil. Successful discovery of an effective bed bug control active ingredient would ultimately provide additional resources for consumers to protect themselves from bed bug infestations.
Materials and Methods

Insects
Harlan strain (susceptible to pyrethroid insecticides; Harold Harlan, Crownsville, MD) bed bugs and a pyrethroid-resistant strain (University of Massachusetts) of the common bed bug were reared and maintained in glass Mason jars (480 ml) containing filter paper harborages at the USDA-ARS facility in Beltsville, MD, as previously described (Feldlaufer et al. 2014) . Utilizing an in vitro artificial feeding system (Feldlaufer et al. 2010) , the colony was fed expired human red blood cells and plasma weekly, to engorgement. The colony was maintained at ambient conditions (25 ± 2°C and 40 ± 15% humidity). All assays used mixed-aged bed bugs that had not fed in 8 d.
Chemicals
Commercially available compounds, MB, acetophenone (AP), vinyl benzoate, methyl-2-chlorobenzoate, and methyl-2-methylbenzoate, were purchased from Sigma-Aldrich (St. Louis, MO) ( Fig. 1 ). Methyl-3-methoxybenzoate and methyl-3-methylbenzoate were purchased from Tokyo Chemical Industry America (Portland, OR) and hexyl benzoate was purchased from Alfa Aesar (Tewksbury, MA) ( Fig. 1 ). Cirkil RTU (Ready-to-Use) was purchased from an online source (http://ePestSolutions.com).
Laboratory Assay: Fumigation in Flasks
The following procedure is based upon the method described within Chen et al. (2019) . Bed bugs (five males and five females; unfed; mixed age) were placed in an Erlenmeyer flask (250 ml) with a filter paper placed at the bottom for a harborage. Compounds (neat) were applied at a discriminating concentration of 7.14 mg/liter, determined through range finding screens of MB that consistently yielded >95% mortality in adult bed bugs, to a square of Parafilm M (Neenah, WI). The film was then inverted and utilized to seal the flask. This method was used to screen all compounds for toxicity. To determine the LC 50 values for the MB and AP, each compound was diluted into acetone, yielding various concentrations. Applications of 2 µl of these solutions were then applied to the Parafilm M as previously described above. All fumigation assays were run for 24 h at which time mortality was assessed. Bed bugs were scored as either dead or alive, with any movement beyond a sluggish leg twitch (a slow leg contraction) being considered alive. Each concentration was replicated a minimum of three times for all assays. Control flasks received 2 µl of acetone (neat).
Field-Like Assay: Fumigation in Trash Bags
To determine whether compounds effective in the flask assay retained their insecticidal efficacy under field-like conditions, a bioassay utilizing commercial trash bags (volume ca. 114 liters) was performed similar to that reported by Feldlaufer and Ulrich (2015) , and followed the methodology recommended for Cirkil RTU use (http://www.terramera.com/doc/RAG-IN-A-BAG-WhitePaper.pdf). Items that are typically unable to be sprayed with a chemical (wet) treatment were positioned in the trash bag and included paper products and computer and telephone components. Subsequently, a glass wide-mouth, 240 ml canning jar (Kerr Jarden Home Brands, Daleville, IN) containing bed bugs (nymphs and adults) was placed into the bag. A cotton rag within the bag was treated with 30 ml of each test compound. Control bags contained untreated rags. The bags were sealed with tape and mortality was assessed after 120 h. First-instar nymphs were not included in the results, since an earlier report indicated that this stage had a variable response to different insecticides (Hinson et al. 2016) . Each compound was replicated three times in the trash bag assay.
Statistical Analyses
For all laboratory flask toxicity assays control mortality (≤10%) was corrected using Abbott's formula, and LC 50 values were calculated using probit analysis in PoloPlus software (LeOra Software Co., Petaluma, CA). LC 50 values were compared utilizing the formula for comparing lethal dose ratios found within Robertson et al. (2017) . For the trash bag assays, one-way ANOVA with a Tukey's post-test was used to analyze the results between treatment group means, with a P < 0.05 considered to be significantly different.
Results
Laboratory Assay: Fumigation in Flasks
The commercially available bed bug control product Cirkil was used as a standard of comparison. In the 24-h laboratory flask assay, though, it performed poorly (1% adult mortality at a concentration of 7.14 mg/liter) and was among the least effective treatments for adult C. lectularius. (Fig. 2 ). There was no significant difference between AP and MB, as they were the most effective treatments at this same concentration with mortality rates of ca. 93 and 97%, respectively. Vinyl benzoate and methyl-2-methylbenzoate were less effective than MB and AP, with mortality rates of about 67 and 73%, respectively. Methyl-2-chlorobenzoate had a mortality rate of 53% while methyl-3-methylbenzoate resulted in a rate of 37%. The mortality rate for hexyl benzoate was 3% and was not significantly different from that of Cirkil. Methyl-3-methoxybenzoate was the least effective fumigant resulting in no mortality over the 24-h treatment period (Fig. 2) .
MB and AP were further screened to determine the LC 50 of each compound to both pyrethroid-susceptible (Harlan strain) and pyrethroid-resistant strains of C. lectularius (Table 1) . Results show that AP is 1.7-fold more toxic than MB to pyrethroid-susceptible adults with LC 50 values of 2.4 (1.9-3.1) mg/liter and 4.1 (3.6-4.6) mg/liter, respectively. When exposed to the pyrethroid-resistant strain of C. lectularius, AP was 1.5 more toxic than MB with LC 50 values of 4.1 (3.3-5.4) mg/liter and 6.2 (4.5-7.9) mg/liter, respectively. The LC 50 values of MB to both the Harlan and pyrethroidresistant C. lectularius strains were significantly different by a factor of 1.5 (resistance ratio), while AP was shown to have a resistance ratio of 1.7 (Table 1) .
Field-Like Assay: Bed Fumigation in Trash Bags
When bed bugs were confined in trash bags as described in the protocol for 'Rag-in-the Bag', the commercial product Cirkil resulted in 100% mortality of the confined C. lectularius. This was significantly greater than the average mortality seen with MB (26%). There was only 2.3% control mortality (Fig. 3 ).
Discussion
Phytochemical compounds have become increasingly studied for their insecticidal activity against a variety of insect pest including those of stored products, urban/medical pests, and household pests such as termites and bed bugs (Tong and Bloomquist 2013 , Feldlaufer and Ulrich 2015 , Kedia et al. 2015 . The increase in popularity is likely due to their low mammalian and environmental toxicity, lower cost for control formulation development, as well as the potential for effective control against species that have developed resistance to current synthetic chemical controls (Kannathasan et al. 2011 , Tong and Bloomquist 2013 , Kedia et al. 2015 , Santos et al. 2017 ). There are several successful methods, both chemical and nonchemical, that are used to control bed bugs. While chemical fumigation has long been used for control of heavy bed bug infestations because of the fast action and penetrative ability , current fumigation options come with high price tags and inherent toxicological risks (Doggett et al. 2012 , Bennett et al. 2016 ). Development of affordable, efficient, and safe pesticides for bed bug control is of utmost importance to ensure the reduction of infestations. Our laboratory fumigation assays against the common bed bug determined the insecticidal activity of the naturally occurring compound MB, along with seven analogs, and compared them with a commercially available, plant-based biopesticide. It was found that only MB and AP exhibited >90% mortality, at a discriminating concentration, against adult bed bugs in this 24-h laboratory flask assay. The remaining tested compounds all had reduced efficacy with mortality ranging from 0 to 73%. This decrease in toxicity may be due in part to the volatility of the compounds. MB and AP have higher vapor pressures than any of the other compounds tested. This would make both compounds significantly more volatile, allowing for faster diffusion throughout the flasks resulting in longer exposures to the compounds over the 24-h testing period. Extending the length of time that the assay is run could increase the effectiveness of the other compounds as exposure period and dose of fumigants play a significant role in how active they are, and it has been suggested that the assessment period for botanical compounds be 72 h (Kedia et al. 2015 ). However, it may not be practical for the exposure time of fumigants used for whole building control of bed bugs to be extended beyond 24 h due to costs and inconvenience to occupants. Additionally, while it is important to note that there were three additional compounds, methyl-2-methylbenzoate, vinyl benzoate, and methyl-2-chlorobenazoate, providing >50% control at the same concentration, a major tenant of bed bug remediation is the complete elimination of infestations (Doggett 2018) . As such, MB and AP were chosen to be further tested to determine their LC 50 values within the laboratory flask assay. Based upon the results from the 24-h toxicity testing within Erlenmeyer flasks, AP was slightly more toxic than MB to both susceptible and pyrethroid-resistant strains of bed bugs. There was a slight increase in the LC 50 values between strains for each compound. However, the resistance ratios for both compounds were less than fivefold, and according to the WHO, when the resistance ratio is less than fivefold, the population is considered to be susceptible to the compound of interest (WHO 2016) .
MB, while seemingly effective within the laboratory flask fumigation assay, had significantly decreased efficacy in an assay designed to more closely simulate field conditions. In the field-like fumigation assay using trash bags, MB was found to only exhibit ca. 26% mortality against common bed bug nymphs and adults. This was a surprising observation as the concentration within the trash bag was ca. 40-fold higher than the discriminatory concentration used within the flask assay and 24-fold more than the predicted LC 99 (11.9 mg/liter, 95% CI: 9.3-18.2 mg/liter) calculated within PoloPlus software. This loss of efficacy could be due to decreased volatility in the trash bag as botanical compounds are unstable and breakdown quickly when exposed to air (Miresmailli and Isman 2014) . The results with the commercial product Cirkil would support the conclusion that volatility and degradation play a role in efficacy. In the laboratory flask assay, Cirkil was ineffective against bed bug adults over the 24 h exposure period. However, in the trash bag assays, where the exposure period is 120 h, the efficacy of Cirkil increases to 100%. The concentration of Cirkil within the flask assay (7.14 mg/liter) was ca. 25-fold lower than the concentration within the trash bag assay (179.8 mg/liter). It could be that the concentration within the flask was not high enough for Cirkil to have an effect; however, verification of evaporation of MB and Cirkil (data not shown) was done within the Erlenmeyer flask assay. For the 24-h period, it was found that MB slowly evaporated over the course of the assay while Cirkil had an evaporative slope that was not significantly different from 0 indicating that it did not diffuse into the flask. Additionally, it should be noted that in our study, the odor of Cirkil persisted into the fifth day of exposure, compared to the odor of MB which had nearly completely dissipated by the 120-h endpoint. The reported active ingredient of Cirkil is 5.5% neem oil, which in itself contains several different constituents; however, it is azadirachtin that is considered to be the active compound within neem that elicits effects against insects (Isman 2006) . While azadirachtin can lose its activity quickly when exposed to environmental conditions. (de Oliveira et al. 2014) , it likely has a lower volatility than MB and AP as its vapor pressure is lower than each, requiring it to have a longer exposure period to be effective. Cirkil has likely overcome these degradation issues by being formulated to retain activity throughout the entirety of the treatment. Addition of adjuvants (94.5% of the formulated product of Cirkil) is a common practice when utilizing insecticides for pest control as they are meant to increase the effectiveness and/or stability of active ingredients (Mullin et al. 2015) . It is therefore probable that the 'other ingredients' listed on the Cirkil label aid in the product's overall efficacy. This is supported by work done by Feldlaufer and Ulrich (2015) showing that neem oil resulted in just 2.4% mortality within a similar trash bag assay, while Cirkil exhibited 100% control. These authors mention that the results from neem in their tests could be due to the fact that there are several different ecotypes of neem oil that have varying amounts of insecticidal ingredients (assumed to be azadirachtin), and the neem oil used in their study may be different from the ecotype used in Cirkil. Finally, as pointed out by Feldlaufer and Ulrich (2015) , caution must be exercised when basing results solely on laboratory assays. As our study indicated, Cirkil was ineffective in our laboratory flask assay, though very effective in the field-like trash bag assays against common bed bugs.
Research on plant-derived chemicals will continue to be conducted to further the goal of developing affordable, effective, and safe pest management tools. This current study provides evidence that MB, a naturally occurring compound, found to be a part of the scents of several different flowers, has insecticidal action, albeit low, on nymphs and adults of the common bed bug. Further studies are required to determine its insecticidal activity on bed bug eggs. Additionally, while MB exhibited high efficacy within a small laboratory fumigation assay, the efficacy of MB decreased to 26% when applied in an assay that mimicked filed conditions. Still, it may be possible to develop a formulation using MB that either increases Resistance ratio = LC 50 resistant strain/LC 50 Harlan strain. its efficacy, or is used in combination with another fumigant. This current study reemphasizes the problems associated with basing results strictly on laboratory assays, though the results from this study could also be used as part of a structure-activity relationship model to search for additional structurally related compounds that may have insecticidal activity.
